Eleven prairie saline (conductivity 1.8-58.8 mS cm-') lakes were examined over the 1994 growing season to determine what salinity-related factor or factors were responsible for controlling phytoplankton standing crops. The study lakes were characterized by high total P (0.15-24.2 mg liter-'), total N (3.75-12.35 mg liter-'), total Fe (55-2,800 p,g liter-'), dissolved organic C (40-195 mg liter-l), pH and alkalinity, but comparatively low (usually cl00 kg liter-') dissolved inorganic N. Chlorophyll a (Chl a) concentrations in all but the two least saline lakes were relatively low (20 pg liter-'), up to three orders of magnitude below those predicted by freshwater P-based models. High alkaline phosphatase activities (APA) and rapid '2P0, (orthophosphate) uptake indicated that the two least saline lakes were P limited; these lakes had seston deficient in P, N, and protein. APA and "2P0, uptake were below detection in the more saline lakes (conductivity >3 mS cm-'), indicating P sufficiency; seston from these lakes was deficient in N but not protein. Nitrogen-fixing cyanophytes were important only in one of the lakes examined. Nutrient addition bioassays indicated that phytoplankton biomass was not limited exclusively by inorganic N availability, nor by a combination of MO and N. For water from all but one of the P-sufficient lakes, addition of Fe to bioassays resulted in a remarkable increase in Chl a concentrations. Addition of Fe and MO had the same effect as that of Fe alone, while the most saline lake appeared to be limited by one or more additional trace elements (but not MO). Reducing the alkalinity of the bioassay water stimulated growth in the same manner as the Fe additions, suggesting that the bioavailability of the (largely particulate) Fe already present was severely restricted by lakewater alkalinity. Some component of lake-water alkalinity (which increased with conductivity in these lakes) appears to be the key factor limiting Fe bioavailability and restricting phytoplankton standing crops in the higher salinity lakes.
Phosphorus has traditionally been regarded as the nutrientlimiting phytoplankton biomass and productivity in aquatic systems (Schindler 1977) . The relationship between phosphorus (P) and phytoplankton biomass and productivity has been documented in many studies of freshwater systems (Dillon and Rigler 1974; Smith 1979) . In these lakes, nitrogen fixation (N, fixation) by planktonic cyanophytes is largely able to compensate for existing deficiencies in nitrogen (N), leaving P as the limiting nutrient. In saline systems the relationship between P and phytoplankton standing crop is not as robust. Phytoplankton chlorophyll a (Chl a) concentration, an indicator of primary productivity, in salt water is often far lower than predicted by freshwater phosphorus models (Campbell and Prepas 1986) . Studies of marine (Howarth 1988) , coastal pond (Caraco et al. 1987) , and prairie saline lake systems (Bierhuizen and Prepas 1985; Campbell and Prepas 1986) indicate that N availability becomes increasingly important in limiting phytoplankton biomass as I Corresponding author.
Acknowledgments
We thank G. Hutchinson, F? Burgess, M. Serediak, and numerous others for their contributions to field sampling and chemical analysis. We also thank M. Agbeti for providing phytoplankton counts for Camp Lake. Discussions with R. W. Howarth, R. Marino, H. W. Paerl, and A. J. Horne were invaluable in the preparation of this manuscript. Two anonymous reviewers, W. I? Dinsmore, and R. D. Robarts also aided us in improving manuscript content and style.
Financial support was provided by NSERC in the form of an operating grant to E.E.P. salinity increases. N limitation in these systems may be due to low rates of planktonic N, fixation (Howarth et al. 1988b ). Many estuaries and saline lakes with high available P concentrations lack the large populations of N,-fixing cyanophytes typical of high P freshwater lakes (Howarth et al. 1988b; Marino et al. 1990 ). Previous explanations of low N,-fixing cyanophyte densities in estuarine phytoplankton communities included turbulence (lack of anoxic microzones; Paerl et al. 1987 ) and low bioavailabilities of the key trace nutrients molybdenum (MO; Howarth and Cole 1985) and iron (Fe; Howarth et al. 1988a) . Because many ions are conservative in seawater, marine water chemistries tend to be tightly linked with salinity and it is difficult to isolate the biological effects of individual components.
Saline lakes can provide the chemical variability needed to test some of the above hypotheses. Marino et al. (1990) found that the ratio of sulfate (SOd2-) to MO was inversely correlated with the relative abundance of N,-fixing cyanophytes in 13 SO, 2--dominated prairie saline lakes. Fe (measured as total Fe) was not correlated with N,-fixer abundance and was >25 pg liter-' in all of the study lakes. The Marino et al. (1990) study was entirely based on surveys of relative N,-fixer biomass and chemical parameters. Our study now goes on to examine whether the bioavailability of nutrients other than MO (such as Fe and P) affect relative N,-fixer abundance and phytoplankton biomass in individual lakes.
We examined water chemistry and phytoplankton communities in 11 saline lakes with high total phosphorus concentrations (up to 26,000 kg liter-'; Evans and Prepas 1996) to examine whether lake phytoplankton biomass is limited (restricted by low bioavailability of a given nutrient or nu-trients) by P because the P pool is biologically unavailable; low concentrations of inorganic N; low bioavailability of MO (a nutrient required for N, fixation); or low bioavailability of Fe.
were determined (for samples collected 7 July) with a Hellige Aqua Tester model 6llA and a Hach model 2100A turbidimet er.
We determined phytoplankton biomass and species composition and evaluated their relationships with measured N and P, together with 32P04 (orthophosphate) uptake experiments and alkaline phosphatase activity (APA). Phytoplankton nutrient status, N limitation, MO-deficiency-induced N limitation, and Fe limitation were explored by direct measurement of seston nutrient ratios and N, fixation rates and through bioassay experiments.
Total phosphorus (TP) and total dissolved phosphorus (TDP) were determined in duplicate by the potassium persulfate method as described by Prepas and Rigler (1982) . Soluble reactive P (SRP) was determined similarly to TDP but without persulfate digestion (Murphy and Riley 1962).
Methods
Field Collection-Eleven lakes in east-central Alberta were selected based on their wide range of salinities (Bierhuizen and Prepas 1985; Marino et al. 1990) , their location within a relatively small geographical area (Evans and Prepas 1996) , and accessibility. Eight of these lakes were sampled seven to eight times between early May and mid-September 1994. The remaining three lakes were sampled once in early August. Six of the frequently sampled lakes and two of the once-sampled lakes were part of the 1987 study by Marino et al. (1990) ; the additional lakes (Fluevog, Thomas, and Vernon lakes) were added to provide a wider and more even distribution of salinities. Sampling was performed at the site of maximum depth. Vertical temperature profiles were taken at 0.5-m intervals and Secchi depths were measured for each sampling date.
Orthophosphate uptake rates were determined in Camp and Cooking on 15 August and in eight lakes from 19 to 2 1 July by a modification of the assay method of Lean and Rigler ( 1974) as described by Evans and Prepas ( 1996) . Uptake experiments began within 30 min of sample collection and continued for 5-10 h at lakeside and in the laboratory. APA was measured from July to September by the method of Hill et al. (1968) as modified by Pick (1987a) and Evans and Prepas (1996) .
Inorganic N was determined as ammonium (NH,+) by the phenolhypochlorite method of Solorzano (1969) and as nitrate + nitrite (NO,-) by the cadmium<opper reduction method of Stainton et al. (1977) , both on a Technicon autoanalyzer: Total Kjeldahl nitrogen (TKN) was analyzed as NH,+ by the method of Solorzano (1969) on preserved samples subsequently digested by the sulfuric acid-copper sulfate method of D 'Elia et al. (1977) as modified by Prepas and Trew (1983) .
All of the lakes were well mixed throughout the sampling period and the trophogenic zone normally included the entire water column in all but two of the lakes. Water samples for water chemistry, Chl a, phytoplankton biomass, and nutrient bioassays were collected by hand at a depth of 0.5 m (0.25 m in Vernon Lake) with opaque 2-liter Nalgene bottles and 250-ml polystyrene bottles. This method of sampling reduced the risk of metal contamination from both sediment and sampling equipment. Sample bottles were completely filled with water, kept on ice in the field, and then stored at 4°C until analyzed. Water samples used to determine N, fixation rate, APA, and '2P0, uptake were kept at ambient air temperature.
Nitrogen fixation rates were estimated for June to early August samples by the Howarth et al. (1993) modification of the acetylene reduction technique described by Flett et al. (1976) . This technique was further modified in that we incubated samples at 25°C under incandescent (2.1-2.4 X lOI quanta m-2 s-l) lighting. These lighting conditions were previously found to be adequate for stimulating N, fixation in both laboratory cultures and natural samples (Evans and Prepas unpubl. data) . Blank and standard values were determined for, each lake because the large range of lakewater salinities gave rise to variation in the gas phase : aqueous phase partition ratios of the analytes. (The detection limit for this system varied for different lakes and days but was normally <30 nmol ethylene liter I h-l.)
All water sample bottles were acid washed for 48 h in 50% nitric acid (HNO,), rinsed five times with distilleddeionized water (DDW), and then twice with lake water prior to sampling. No detectable levels of nitrate were found in the third DDW rinse.
Laboratory analyses-Glass and plastic equipment used in bioassays or in the determination of trace metals was acid washed as described above. All analyses were performed in duplicate at 20°C within 24 h of sampling unless specified otherwise. Dilutions were performed as needed to keep analyte concentrations within the linear ranges of the methods used.
Alkalinities were determined by potentiometric titration with 0.5 N sulfuric acid on a Mettler DL 21 autotitrator equipped with a glass electrode and expressed as carbonate (C032-, all ions titrated to pH 8.3) and bicarbonate (HCO, , all ions titrated between pH 8.3 and 4.3). All other ions were determined on samples that had been filtered through HNO,-washed, DDW-rinsed 0.45-p,rn Millipore HAWP membrane filters. SCb,2-and chloride (Cl-) were analyzed on a Dionex 2OOOi/SP ion chromatograph fitted with an AS4A-SC high capacity a.nion-exchange column. Samples for major cations (Na', K+., Ca2+, and Mg2+) were acidified to pH <2 with concentrated nitric acid and analyzed on a Per-kin-Elmer 3300 atomic absorption spectrophotometer. Na+ and K+ were analyzed .by atomic emission, Ca2-+ and Mg2+ by atomic absorption, all with an air-acetylene flame (Environment Canada 1979; Ingle and Crouch 1988) . Conductivity was measured at 25°C with a Radiometer Total Fe was determined at the end of the growing season CDM 83 conductivity meter and a l-cm CDC 304 probe;
by flame atomic absorption of samples that had been acidipH was determined with a Fisher Scientific Accumet 925 pH fied to pH < 1.5 with concentrated HNO,. Midseason sammeter equipped with a glass electrode. Color and turbidity ples for "dissolved" Fe were filtered within 8 h of sampling, acidified to pH < 1.5 with concentrated HNO,, and analyzed on a graphite furnace-equipped Perkin Elmer 3030 atomic absorption spectrophotometer (GFAAS). The "dissolved" Fe fraction includes all Fe <0.45-p,rn (fine particulate, colloidal, complexed, and free Fe components) and, as such, does not necessarily represent bioavailable Fe. Dissolved MO was determined by coprecipitation of triplicate 75-ml aliquots of filtered lake water with MnO, and subsequent analysis of the redissolved precipitate by GFAAS ). In an earlier study of Alberta saline lakes ), variances in MO concentrations were shown to be relatively low (C.V. + 14% at most in all lakes except Cooking Lake) throughout the growing season, therefore this parameter was measured only in spring. The spring SO,*--to-MO ratios were compared to the mean ratios found for the 1987 growing season (t-test).
Dissolved organic carbon (DOC) was measured in 2 August samples that had been passed through precombusted Whatman GF/F filters. DOC was measured in acidified (pH 2), sparged subsamples on an Ionics Corporation 1505 programmable carbon analyzer at 850°C with a platinum catalyst.
Protein and carbohydrate were measured on seston obtained by filtration of prescreened (243~p,rn mesh) lake water through precombusted 4.25-cm Whatman GF/F filters within 24 h of sampling. Seston samples were then kept frozen until analyzed. Aliquots were lo-100 ml each, depending on phytoplankton densities. Particulate carbohydrate was measured as pg glucose equivalents per liter with the phenol-sulfuric acid method of Pick (1987b) , modified for a Milton-Roy 1001 spectrophotometer with lo-ml cells. Particulate protein was extracted as described by Pick (19873) and measured as pg bovine serum albumin equivalent protein liter-' after Lowry et al. (1951) , modified for lo-ml spectrophotometer cells. Seston protein : carbohydrate ratios were interpreted as indicators of nutrient deficiency according to Pick (1987b) and Waiser and Robarts (1995) . Ratios of protein : carbohydrate over 1.2 indicated no nutrient deficiency; ratios below 0.7 indicated severe nutrient deficiency.
Particulate carbon (PC), nitrogen (PN), and phosphorus (PP) were determined for seston collected on precombusted 2.5-cm Whatman GF/F filters within 24 h of sampling. Lakewater aliquots (2.0-50 ml each) were filtered under gentle vacuum, rinsed once with 5 ml of dilute sulfuric acid (2% H2S04) to remove mineral carbonates and phosphates (after Waiser and Robarts 1995), and twice with DDW to remove dissolved I? PC and PN were analyzed on a Control Equipment Corporation 440 elemental analyzer according to Environment Canada (1979) . Certified CHN content acetanilide (Exeter Analytical Inc.) was used as a standard. In the case of Camp, Cooking, and Miquelon lakes, where TDP was low compared to TP, PP was calculated as TP minus TDP In the remaining lakes, where the TDP was >75% of TP, separate analysis of the seston was necessary. Seston samples for PP were added to 50 ml of DDW and analyzed as for TP Samples were centrifuged after reagent addition to remove the glass filter fibers before measurement of absorbance. Particulate elemental concentrations were converted to moles per liter lake water and the composition ratios (PC : PN, PC : PP, and PN: P) were calculated and compared with those predieted by Redfield (1958) , without correcting for detritus. Seston PC : PP ratios > 106 and PN : PP ratios > 16 indicated P deficiency, and PC : PN ratios B6.6 indicated N deficiency (Waiser and Roberts 1995) .
Chl a was determined in triplicate in seston collected (within 8 h of sampling) by vacuum filtration on Whatman GF/C filters that were then frozen and protected from light until analyzed. The filters were subsequently extracted (within 3 weeks) with 95% ethanol, and Chl a was measured on a Milton Roy Spectronic lOO+ spectrophotometer following Bergmann and Peters (1980) . Subsamples for phytoplankton determinations were preserved within 6 h of sampling with Lugol's iodide, subsequently identified to species (where possible) and counted on an inverted microscope by the sedimentation technique (Lund et al. 1958) . Biovolumes were estimated with average (at least 10 cells) cell volumes for each species observed and were determined separately for each sample. The biovolumes of large diatoms and some colonies (such as Pediastrum spp.) were determined on an individual basis. Additional Lugol's solution was added to the stored samples periodically because the iodine added to the saline lake water was chemically reduced over time.
Bioassays-Laboratory bioassays were used to determine factors potentially limiting phytoplankton biomass in the lakes. Lake water that had been kept at 4"C, an algal inoculum, and the bioassay treatment were placed in 150-ml Wheaton type 1 borosilicate glass serum bottles and incubated at 23°C under incandescent lights (16 h light, 8 h dark cycle, 2.1-2.4 X 10'" quanta m-* s-l) with gentle shaking (~2 Hz). Samples were shaken thoroughly every 2 d to reduce clumping and incubated for 14 d prior to Chl a analysis; one experiment ran for 35 d. Experimental treatments were run in triplicate, with a single Chl a analysis per replicate. All lake-water aliquots were prescreened through 64-p,rn Nitex mesh to remove zooplankton. The inoculum, which was added to all treatments, consisted of native phytoplankton that grew in a larger sample (400 ml) of prescreened (but otherwise untreated) lake water (prepared separately for each lake from water sampled in May) over a l-month incubation period. Inocula were subsequently stored at 4°C. Seeding bioassays with phytoplankton grown in this manner eliminated the problem of large variations in phytoplankton biomass found in individual replicates (caused by low cell numbers in the lake water), without introducing species or nutrients from other lakes. It is interesting to note that a casual examination of the prepared inocula under a light microscope found that the phytoplankton present (except in those inocula derived from Camp and Cooking lake water) were primarily N, fixers. After the bioassays were completed, phytoplankton samples from some of the replicates were examined briefly under a light microscope to get a general overview of what genera were predominant in the bioassays.
Inorganic-N limitation was tested in water from all study lakes with NH&J1 and CaNO, (250 kg liter-' N), P limitation was tested in lakes with SRP cl00 kg liter-l (Camp, Cooking and Miquelon) by an addition of K,HPO, (250 pg liter-' P). Trace nutrient limitation was examined with treatments (Alexander 1977 ), MO was also tested in combination with NO,-. To ensure that the reagents and glassware used in the bioassays were free of MO contamination (which would make detection of Fe-MO colimitation impossible), the Fe and trace metal solutions were added to MO-deficient cultures of Anabaenopsis sp. in the concentrations used in the bioassay treatments. Reagent additions did not relieve MO deficiency in the test organism, which could not fix N, nor grow in N-deficient media without added MO solution (Evans unpubl. data) . The effects of filtering the lakewater (0.45 p,m) and partial acidification (25 and 50% of total alkalinity removed) of the sample with H,SO, were also examined. Partial acidification of the lake water decreased carbonate concentration and pH and was expected to cause shifts in the bioavailabilities of metal nutrients such as Fe and Mn. A one-way ANOVA (SPSS) was used to test for differences (P < 0.05) between treatments.
Results
Physical characteristics, nutrients, and ion chemistryMean seasonal lake-water conductivity ranged from 1.83 to 58.8 mS cm-' and mean seasonal pH from 9.15 to 9.98 (Table l) , the two parameters were positively related (n = 11, r* = 0.83, P < 0.0001). There was little seasonal variation in lake Secchi depth: mean seasonal values ranged from 0.14 to 2.75 m. In Camp and Cooking lakes, the low Secchi depths (0.14 and 0.26 m) reflect the high Chl a concentrations; high levels of suspended particles and colored dissolved material were the important influences on light extinction in the other study lakes (Table 1) .
Lake ion chemistry was dominated by Na+, SO,*-, and HCO,--C,O,*- (Table 2 ) mean seasonal concentrations of these ions were correlated with lake conductivity (n = 11, r* = 0.93, 0.86, 0.68, and 0.95 respectively, P < 0.005).
Other corrservative ions (K+, Cl-) were less concentrated in these lakes (33-562 and 15-1,070 mg liter-'). Concentrations of Ca*+ were comparatively low (2.94-19.4 mg liter-l) and tended to decrease with increasing lakewater conductivity, while Mg2+ concentrations varied considerably (23-247 mg liter-',) and were not related to conductivity (r* = 0.0). Mean growing season TP and TKN were extremely high and relatively constant in most of the study lakes (Table 3) . Across the study lakes TP concentrations ranged from 0.150 to 24.2 mg liter-', and TKN concentrations were within a smaller range of concentration (3.73-12.35 mg liter-'). TDP and SRP were also very high (normally >75% of TP), except in Camp and Cooking lakes, where concentrations remained comparatively low and varied during the sampling period. Between 78 and 99% of TDP was present as SRP in the high P' lakes, with the exception of Vernon Lake, where SRP made up only 46% of TDP NO,-and NH,+ concentrations varied throughout the growing season in the eight major study lakes from below the detection limit (<5 Fg liter-') to 420 and 390 pg liter-', respective ly. Only a small fraction (<2%) of TN was due to inorganic N.
Concenlsations of DOC were very high in all of the lakes (40-435 mg liter-') but were not related to lakewater color. Total Fe was also high (55-2,800 pg liter-') at the end of the growing season; however, "dissolved" Fe (CO.45 Frn) was found to be much lower (<l.O-19.2 pg liter-') during the summer. Spring dissolved MO concentrations were high (1.6-9.1 p,g liter-') and, like total Fe concentrations, were greatest in the two lakes of medium salinity (Whites and Wappa) .
Sestonic ratios and nutrient demands-APA and 32P0, uptake were measured as indicators of planktonic P demand, while seston PC : PP, PN : PP, and protein : carbohydrate ratios were used to evaluate seston P deficiency or sufficiency. 32P0, uptake was too slow to measure in all but the two least saline study lakes, Camp and Cooking. In these lakes, tracer uptake was so rapid that "*PO, turnover times could only be estimated as <5 min for both the July and August experiments. Similarly, APA could not be detected in any of the lakes except Camp and Cooking, where APA ranged from 2,950 to 36,800 and 184 to 1,820 nmol methylfluorescein (pg Chl a)-' h-l, respectively. PC : PP ratios were indicative of severe P deficiency (PC : PP > 106) in Camp and Cooking lakes throughout the entire growing season (Table 4) . P deficiency was also indicated in the Vernon and Fluevog lake samples and for at least one sampling date in each of the other study lakes. PN: PP ratios confirmed seston P deficiency (PN: PP > 16) in Camp, Cooking, Fluevog, and Vernon lakes, as well as deficiencies on two sampling days in Miquelon Lake and one date in Whites Lake. PN : PP ratio did not indicate P deficiency in Birch, Joseph, Thomas, or Wappa lakes. This inconsistency may be due in part to a lack of N; seston PC : PN ratios indicated N deficiency (PC : PN > 6.6) in all seston samples. Given this apparently universal N shortage, it was surprising to find that protein-to-carbohydrate ratios indicated severe nutrient deficiency (protein : carbohydrate < 0.7) only in Camp and Fluevog lakes, moderate deficiencies (0.7 < protein : carbohydrate < 1.2) in Cooking Lake and early-July Birch Lake and Thomas Lake samples, and no deficiency in the remaining samples. Seston carbohydrate was highly correlated with PC (r = 0.88) and seston protein was almost perfectly correlated with PN (r = 0.99). It should be noted that seston ratios were determined with samples collected on GF/F filters and therefore represent combined phytoplankton and bacterial communities (larger bacterial cells and colonies), although the high correlation between seston protein and Chl a (see below) suggests that the bacterial protein contribution is either very low or itself tightly correlated to phytoplankton Chl a.
Nitrogen fixation was detected in only one sample (Thomas Lake, 19 July, 62 nmol ethylene liter-l h-l) and can be attributed to the heterocystous Noduhria sp. present in low numbers (-1,000 pm3 ml-l) in the lake water. Anabaena spp. were also found in this sample, but lacked heterocysts. No N, fixation was observed in samples from Joseph and Miquelon lakes despite the presence of N,-fixing cyano- Table 3 . Metal nutrient concentrations (sampling dates as noted below) and mean 1994 growing season macronutrient and chlorophyll a concentrations in the 11 study lakes. A blank entry denotes a parameter that was not measured for the indicated lake. phytes (Aphanizomenon Jlos-aquae and Nod&aria sp., respectively, Fig. 1 ). In general, phytoplankton N demand in the lakes with the highest SRP concentrations appeared to be low or nonexistent, even though N deficiency was indicated by the lake seston ratios.
Chl a and phytoplankton species composition-Chl a concentrations and phytoplankton biomasses varied considerably between lakes (Table 4 , Fig. 1 ) and varied somewhat seasonally, although patterns were not consistent from lake to lake. Sixty-one percent of phytoplankton biomass variation is explained by variation in Chl a, which also proved to be a good predictor of seston carbohydrate (ti = 0.69), protein (r* = 0.98), and PC (r* = 0.93).
The Camp Lake phytoplankton community consisted primarily of filamentous cyanophytes (non-N, fixing); species composition remained relatively constant throughout the growing season. The phytoplankton communities in the more saline lakes were more variable (Fig. 1) . The only N,-fixing species found in the lakes were Aphanizomenon @OS-aquae, primarily in Joseph Lake, Nodularia spp. (primarily in Miquelon Lake but present sporadically at low levels in water from most of the other lakes) and Anabaena Jrosaquae, which was rare. The non-N,-fixing cyanophytes Microcystis spp., Gomphosphaeria spp., and Merismopedia minima were found in most of the lakes; Oocystis borgei and Crucigenia quadrata were the most important chlorophytes. Diatoms (Bacillariophyta) were important in the lakes intermittently throughout the growing season and largely consisted of four genera: Cyclotella, Surirella, Narvicula, and Nitzchia. Rhodomonas minuta and Cryptomonas sp. (Cryptophyta) were common in most of the lakes in July and August, and unidentified, largely encysted, chrysophytes were important in the Birch, Wappa, and Vernon phytoplankton communities (and found in small numbers in Thomas Lake). A species of Euglena (Euglenophyta) was found in small numbers in Thomas Lake. In general, cyanophytes were important in the low-salinity lakes (Camp and Cooking), while diatoms, cryptophytes, and chrysophytes were common at higher salinities.
Bottle bioassays -Nutrient addition experiments in the 11 lakes indicated that phytoplankton from Cooking Lake were limited by P while phytoplankton from the eight lakes with TP >l mg liter-' were limited by Fe (Fig. 2) . Vernon Lake phytoplankton also required a trace nutrient spike to grow well. Fe treatments caused massive increases in phytoplankton biomass and allowed almost complete exploitation of P present. Chl a concentrations increased in water from Joseph and Fluevog lakes when NH,' was added (Fig. 3) ; no changes were observed for NO, -or NO,-+ MO additions. Phytoplankton from other lakes did not respond to NH4+, NO,-, or NO,-+ MO additions. MO (Fig. 3) , trace nutrient (Fig. 2) , or EDTA (Fig. 4) additions likewise had no effect on phytoplankton Chl a concentrations. Lake-water alkalinity was manipulated in lake water from six of the lakes, five of which had shown increases in phytoplankton Chl a when Fe was added. Partial acidification of the sample (titration of 25% or 50% of the total alkalinity) had the same magnitude of effect on phytoplankton biomass (in Fe-limited lakes) as the Fe addition (Figs. 4, 5) . In Birch, Thomas, Wappa, and Whites lakes, reducing the alkalinity by 25% caused increases in phytoplankton biomass, while phytoplankton from Joseph Lake responded only when 50% of the lake-water alkalinity was neutralized. After the 14-d incubation period, there were almost no differences in the pH values of the partial acidification treatments and those of the respective controls.
The removal of particulate Fe by filtering (0.45 rJ,m) the lake water (prior to seeding) reduced phytoplankton biomass with respect to the controls in water from four of the five lakes tested: Joseph, Whites, Birch (Fig. 4) , and Wappa lakes (Fig. 5) . The reduction in biomass was not significant (P > 0.05) in the fifth (Thomas) lake. Water samples from two lakes, Wappa and Birch (chosen on the basis of their high total Fe and widely differing salinities), were selected for further manipulations. Phytoplankton biomass in the filtered lake water of both lakes was increased (P < 0.05) by Fe additions, but partial acidification of the filtered lake water did not increase biomass significantly. Fe source (ferric ammonium sulfate vs. FeCl,) made no difference to the bioassay response (Fig. 5) , and although there was some indication of a dose-response effect (1,300 vs. 250 p,g liter-' Fe) in both lakes, it was only significant (P < 0.05) for Birch Lake (Fig. 5) . Phytoplankton from Miquelon Lake did not respond to any bioassay treatment and may be limited by a combination of nutrients (such as P and Fe) that was not examined in the bioassays.
The high concentrations of Chl a, relative to lake Chl a concentrations, found in the control treatments of all the lake bioassays (except those with P-limited Camp or Cooking Lake water) can be attributed to an increase in the amount of Fe available. This "bottle effect" is reduced dramatically when particulate (BO.45 pm) Fe is removed by filtration. 
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lakes. An exception may be Vernon Lake, which has high DOC (435 mg liter-') and comparatively low TP (5 mg liter-l) concentrations. DOC-P binding could account for the large difference (>2 mg liter-') between TDP and SRP in this lake (Table 3) .
n Fe/EDTA Fe/EDTA low 0 l/2 acidified q filtered + acidified _-. ._.--. _.__ ___-
Birch
Although there was only one sample (2 August, Joseph Lake) that had the phytoplankton assemblage typical of N-limited systems, limited N availability may be a factor leading to the low productivity of these lakes. The large pools of dissolved organic material are refractory in Alberta saline lakes (Curtis and Prepas 1993) and are likely unavailable as a source of N. The TN : TP ratios used to predict the dominance of key phytoplankton phyla in freshwater systems (Smith 1982) are therefore of little value in these saline lakes, and models based on TN : TP ratios were poor predictors of Alberta saline lake Chl a (Bierhuizen and Prepas 1985) . Low concentrations of NO,-and NH,+ and high concentrations of SRP are generally indicative of N-limited systems (Howarth and Marino 1990) . High seston PC : PN ratios are also indicative of N deficiency. However, the intermittent presence of higher concentrations of inorganic N was inconsistent with a high degree of N starvation, and this observation, as well as the lack of a significant response to NO,-additions in the bioassay experiments (even when combined with MO), suggests that N availability was not the factor that ultimately limited phytoplankton biomass. Although it may be argued that phytoplankton response to the 250 pg liter-' N addition may not have been sufficient to overcome the scatter seen in the bioassays, a similar dose of NH,+ increased phytoplankton biomass in water from two of the study lakes. The differences in response to these two forms of N may be due to differences in the chemical properties of NO,-and NH,+ : NH,; the addition of relatively high concentrations of NH,+ may change the bioavailability of other nutrients. The phytoplankton growing in the bioassay experiments (except in Camp and Cooking bioassays) consisted almost exclusively of heterocystous N-fixing cyanophytes (primarily Nodularia and Anabaena spp.), with large numbers of heterocysts. This supports the idea that the phytoplankton in these inland saline lakes were N deficient and that biomass was likely limited by N once the Fe limitation was relieved. Discussion P and N limitation-Rapid 32P0, uptake, high APA, extremely high PC : PP and PN : PP ratios, and low seston protein : carbohydrate ratios indicate that the plankton communities in Camp and Cooking lakes were P limited. The lack of a response to P addition in the Camp Lake bioassay may be due to binding of the added P with a fraction of the DOC pool. If the high levels of DOC present in the lake are constraining P availability, as suggested for two alkaline, Saskatchewan saline lakes (Waiser and Robarts 1995) , the low concentration of Chl a (relative to those expected from TP levels; Prepas and Trew 1983) may be explained. The extremely high APA observed in Camp Lake [up to 36,800 nmol methylfluorescein (pg Chl a)-' h-l] in the presence of detectable SRP (Table 3 ) also suggests that P availability is restricted. If the kinetics of DOC binding to P are sufficiently slow, tracer uptake experiments would not be affected. DOC binding to P is unlikely to restrict P availability in most of the high P (TP > 1 mg liter-') lakes in the same way as suggested for the Saskatchewan systems because, although DOC concentrations in the study lakes are similar to those found by Waiser and Robarts (1995) , P concentrations are far greater (by up to two orders of magnitude) in the Alberta MO and Fe limitation-Marino et al. (1990) reported empirical evidence of SOd2--induced MO limitation in a group of 13 Alberta lakes, 8 of which were examined in this study. The Marino et al. study modelled the relative importance of N,-fixing cyanophytes in lake phytoplankton as a function of lake conductivity, SOa2-, total Fe, dissolved MO or S042-: MO ratio alone as well as multiple regressions with MO and SOd2-or MO and conductivity (with and without total Fe). In this earlier study, interactions between MO and conductivity or S042-were the only correlates with abundance. The salinity of many of the lakes increased substantially between 1987 and 1994 (Evans and Prepas 1996) , with accompanying changes in concentrations of nutrients and major ions. In 1994, there was strong evidence of P limitation in samples from two (Camp and Cooking lakes) of the eight lakes examined in both studies, with no evidence of N, fixation (indicating that the N supply was probably sufficient for the phytoplankton).
Comparisons of 1987 and 1994 SOd2-: MO ratios and relative proportion of planktonic N, fixers in four of the study lakes indicate changes to relative N,-fixer abundance in individual lakes that are not explained in terms of the Marino et al. (1990 ) model. For this comparison, 1994 phytoplankton data are treated in the same manner as the 1987 data and simply averaged (as per Marino et al. 1990 ). This treatment of highly variable phytoplankton data has a drawback in that the presence of a disproportionate number of N, fixers on a single sampling date (a phenomenon that occurred in both 1987 and 1994) can account for nearly all of the N, fixers in the seasonal average. In Joseph Lake, N,-fixing cyanophytes formed 0.43% of the phytoplankton biomass in 1987 and 63% in 1994 (Fig. 1) ; in Miquelon Lake these values were 0 and 1 l%, respectively. In contrast, N, fixers in Whites and Wappa lakes formed 49 and 50% of the phytoplankton biomass, respectively, in 1987 but only 0.3 and 1.5% in 1994. There were no changes (t-tests, P > 0.05) in the SOd2-: MO ratios of these lakes over the same period.
Molybdenum additions had no measurable (P > 0.05) effect on the concentrations of Chl a in bioassays either with or without NO, (Fig. 3) . Additions of MO with Fe and a trace nutrient solution had the same effect on phytoplankton as Fe alone (Fig. 2) .
Although the inhibitory effect of S042-on the uptake of the structurally similar molybdate (MoOd2--) anion is well documented for mammals, bacteria, and higher plants as well as phytoplankton (Cole et al. 1986 ), this inhibition does not appear to limit phytoplankton biomass in water from the Alberta saline lakes. A more recent evaluation of MO uptake kinetics found that an SOd2-: MoOd2-ratio of -2 X lo6 could potentially reduce MoOd2-uptake rates by >70%. Only three of the saline lakes examined in Marino et al. (1990) had mean seasonal SO,*-: MoOd2-ratios > 1 X 106, none had ratios >2 X 106, and the question remains as to whether even a 70% inhibition of MO uptake rate would reduce relative nitrogen-fixer abundance to 0% in lakes with such high concentrations of available P (Table 3) . Even if MO uptake rates in lake phytoplankton were slowed due to competition with SO, 2-, the biological demand for MO may have been so low that overall growth rates were unaffected. Luxury uptake and storage of MO during periods where MO uptake is more than sufficient to meet demand (such as periods of low growth) may also be important in alleviating the effects of reduced uptake rates (Ter Steeg et al. 1986) .
Iron was clearly the key factor in controlling phytoplankton biomass in the bioassays (Figs. 2, 4 ) of the high P (TP > 1 mg liter-') study lakes. Increases (P < 0.05) in Chl a, compared to the controls, were found for Fe additions in four to five completely independent bioassays of Birch, Joseph, Thomas, Wappa, and Whites lakes. (Independent bioassays used lake water sampled on different dates.) Fe additions also increased Chl a in the single bioassays of Fluevog and Peninsula lakes, whereas water from Vernon Lake responded only to a combined Fe and trace nutrient addition.
An earlier study of three Alberta saline lakes concluded that Fe did not limit phytoplankton biomass when bioassays with EDTA (Campbell and Prepas 1986) showed no response. Marino et al. (1990) found that total Fe was not a factor influencing N-fixer abundance. However, measurements of total and "dissolved" (CO.45 km) Fe fractions in 1994 indicated that the vast majority of the iron was present in particulate form (Table 3 ) and may not have been bioavailable. EDTA additions did not increase the availability of the Fe in the bioassays (Fig. 4) , indicating that this traditional method of assessing Fe limitation may not be appropriate for the high pH water of the Alberta saline lakes. The lack of response to EDTA may be due to the high concentrations of other ions in the lake water that compete for binding sites on both Fe and EDTA. The presence or absence of an added chelating agent did not modify the effects of Fe additions (Fig. 5) . The bottle effect observed in the bioassays, which could be largely eliminated by removing the particulate Fe (Fig. 5) , may be the result of increased Fe availability on the glass surface (which may be competing with suspended particulates for adsorbed Fe-A. J. Horne; H. W. Paerl pers. comm.).
Some factor related to the high pH and alkalinity (precipitation w.ith alkaline anions, increases in the adsorption capabilities of particulate matter, or differences in metal-ligand interactions) appeared responsible for restricting Fe bioavailability. T:he phenomenon of alkalinity-induced Fe deficiency may explain the dramatic changes in cyanophyte species abundances between 1987 and 1994 in Wappa and Whites lakes, which could not be attributed to changes in the SOd2-: MoOd2-ratios. Alkalinities in Wappa and Whites lakes, which were 8.8 and 11 meq liter-', respectively, in 1987 , increased dramatically during the following years, coincident with increases in the lake-water salinities (Evans and Prepas 1996) , to 33 and 56 meq liter-', levels that were more typical of cyanophyte-free Birch Lake in 1987. Increases in the alkalinity of Joseph Lake (8.3-26 meq liter-l) were almost as great and may account for the massive decrease in phytoplankton biovolume from 1987 to 1994. The increase in relative importance of nitrogen-fixing cyanophytes observed in Joseph Lake cannot be explained by a reduction in Fe availability but, because P concentrations were much lower in 1987 than in 1994 and biovolumes were more than 10 times as high, this lake may have been P limited in 1987. Inorganic carbon uptake in these shallow lakes is not likely to be pH limited, in contrast to the situation in saline Pyramid Lake (mean depth, 59 m), where the high pH of lake water is believed to restrict access to free carbon dioxide in all but the top 50 cm and thereby acts to limit N, fixation (Horne and Galat 1985) .
It is interesting to note that there are indications of a doseresponse effect even at the high Fe concentrations used in these experiments. Because any Fe added to the lake water will be subject to the same chemical environment that restricts the bioavailability of the Fe already present, large doses may ble needed to overcome the inevitable loss of added nutrient. Phytoplankton response would then depend both on Fe dose and the rate at which the added Fe is removed from solution.
Conclusion
The saline lakes in this study can be divided into two groups based on nutrient limitation. Phosphorus appears to be the factor limiting phytoplankton biomass in the less saline lakes. High DOC concentrations may play a role in restricting phosphorus availability (Waiser and Robarts 1995) in these F'-limited lakes, which would explain why the lakewater Chl a concentrations, while still high, are substantially lower than those predicted by freshwater models (Prepas and Trew 1983 ).
Our results suggest that low Fe bioavailability is the major factor restricting phytoplankton biomass in the more saline of the study lakes and that Fe limitation in these lakes is likely due to the high concentrations of alkaline anions (carbonate, hydroxide, phosphate, and potentially others that were not measured individually).
If Fe limitation is sufficiently severe in the saline lakes that nitrogenase synthesis is restricted, the competitive advantages that N,-fixing species normally have in nitrogen-restricted environments no longer exist. N,-fixing cyanophytes would then be expected to have low relative abundances in these lakes, which agrees with observations made in both 1987 and 1994 (Fig. 1) .
Although the limitations of bottle bioassays are such that caution must be used when applying results to the lakes themselves (especially in light of the bottle effect observed here), the dramatic increases in Chl a concentrations observed after the Fe additions clearly indicate Fe deficiency in the lake water and suggest a direction for future (larger scale) experiments in the Alberta saline lakes. Further explorations of Fe and P limitation in similar lakes with conductivities between those of P-limited Camp and Fe-limited Joseph lakes will also aid in determining whether other factors (such as frequent mixing, high dissolved organic nitrogen concentrations, and grazing by the large zooplankton populations) influence the type and severity of nutrient limitation in a given system. The salinities of lakes in the study area seem to be increasing at an alarming rate (conductivities in some of the lakes studied in 1994 were almost twice their 1987 values; Evans and Prepas 1996) , and a better understanding of the factors influencing their productivity is needed.
